In recent years, a wealth of experimental data on low-energy nuclear level densities has been published. The observed level densities follow closely a constant-temperature shape as a function of excitation energy. This dependence is unexpected and poorly understood. In this work, a fundamental explanation of the observed constant-temperature behavior in atomic nuclei is presented for the first time. It is shown that the experimental data portray a first-order phase transition from a superfluid to an ideal gas of non-interacting quasiparticles. Even-even, odd, and odd-odd level densities show in detail the behavior of gap-and gapless superconductors also observed in solid-state physics.
Phase transitions and phase coexistence are phenomena that are eagerly sought after and investigated both experimentally and theoretically, since they involve dramatic changes in the thermodynamic properties of the system as it undergoes the transition from one phase to another. In hadronic systems the quark confinement-deconfinement transition has been under vigorous debate and intense experimental investigation. In nuclear systems, the liquid-to-vapor phase transition has long been searched for and finally found [1, 2] .
For atomic nuclei away from closed shells and at low excitation energies, the pairing force is the dominant twobody residual interaction and plays a major role together with the one-body shell-model component (the single-particle term) [3] . The effect of pairing on the single-particle levels is schematically illustrated in Fig. 1 . The presence of a gap and the compression of the quasiparticle spectrum compared to the one-body single-particle spectrum are of major importance in this discussion.
For conventional superconductors, the standard BardeenCooper-Schrieffer (BCS) pairing description [4] predicts a critical temperature/angular momentum at which the superconducting phase reverts to the normal one through a secondorder phase transition. However, for atomic nuclei, this second-order phase transition has never been truly verified experimentally, in spite of long and intense efforts. On the other hand, first-order phase transitions can also arise from the BCS Hamiltonian, as demonstrated in Ref. [5] .
In this Letter, we show that a first-order, rather than a second-order, phase transition is dramatically evident in experimental nuclear level densities below neutron threshold, and that this first-order transition is indisputably related to the presence of an energy gap in the quasiparticle spectrum.
A large body of high-quality nuclear level-density data are now available in the literature [6] [7] [8] . The stunning, common feature of the level densities, particularly evident for deformed, midshell nuclei, is the linear dependence of their logarithm with excitation energy. Above ≈ 2∆ 0 , where ∆ 0 is the pair-gap parameter, and up to about the neutron separation energy, they are well described by the constanttemperature expression proposed by Ericson [9] , and Gilbert and Cameron [10] :
where E is the excitation energy and T is the constant nuclear temperature. They found this expression to be in good agreement with the cumulative number of levels at low excitation energy, but did not provide any fundamental, quantitative explanation for this relation. Moreover, the constanttemperature expression is in striking contrast to the expected Fermi-gas behavior as first outlined by Bethe [11] , predicting a square-root dependence of the level density with excitation energy:
where a is the level-density parameter. This experimental linear dependence of the entropy S(E) ≈ ln ρ(E) as given by Eq. (1) is the microcanonical hallmark of first-order phase transitions. Surprisingly, we may have been staring at the biggest signal yet of such a transition without seeing it. This transition is, at least for nuclei well away from closed shells, clearly related to pairing. If we, provisionally, take the constant temperature of the experimental leveldensity spectrum to be the BCS critical temperature, then, according to the well-known BCS relation
we can extract the gap parameter ∆ 0 and compare it directly with that obtained from even-odd mass differences represented in the liquid-drop term as described e.g. by Bohr and Mottelson [12] :
For a wide range of mass number A, the resulting relationship between mass number and temperature using Eq. 4 is shown arXiv:1406.2642v1 [nucl-th] 10 Jun 2014 in Fig. 2 , where the experimental constant temperatures T CT are taken from Refs. [13] [14] [15] . The close agreement in magnitude and trend is remarkable for A > 100 and away from closed shells, although the assimilation of the constant leveldensity temperature characteristic of a first-order transition to a critical temperature associated with a second-order transition remains to be explained. As a consequence of this observation, given the even-odd mass difference, we can predict the low-energy nuclear level densities throughout the nuclear chart for regions away from magic proton/neutron numbers.
Before we embark on the explanation of this remarkable feature, let us consider another striking experimental observation: the level densities of neighboring even-even and odd-A nuclei have nearly identical slopes, as seen in Fig. 3 showing data from the rare-earth region [16] [17] [18] [19] [20] , and several actinides [21, 22] . Therefore, the level densities of neighboring isotopes can be made to overlap by means of a horizontal shift along the excitation-energy axis (see Fig. 4 and Ref. [23] ).
The resulting shift is, not surprisingly, in very good agreement with the even-odd mass difference; see Table I . As a consequence, locally, for any given pair of even-even and odd-A nuclei, we can calculate the common slope of the two level densities directly from the observed excitation-energy shift.
Equally intriguing is the vertical shift between the eveneven−odd-A nuclear level densities, bringing the lower eveneven level density on top of the higher odd-A one (see Fig. 4 and Ref. [13] ). This difference in entropy, approximately constant throughout the energy range [2∆, S n − 1 MeV], can be interpreted as the entropy carried by the extra quasiparticle [13] . The experimental evidence thus suggests that as the system is excited, quasiparticles are created with a constant energy cost and carrying a constant amount of entropy, see Table I . This is a clear signature of a first-order phase transition, from a superfluid phase to an ideal gas of quasiparticles.
Now we are going to show that all these features are consistent with the BCS theory, with due caution for the microcanonical/canonical language. For a set of uniformly spaced single-particle levels, at the critical temperature the excitation energy is given by [5] 
with g equal to the density of doubly degenerate singleparticle states. In deformed nuclei the degenerate states are time reversed with spin projections Ω and −Ω on the symmetry axis. The number of quasiparticles Q cr at T cr is [5] Q cr = 4gT cr ln 2.
By taking the ratio of these two quantities and utilizing Eq. (3), we get the average cost per created quasiparticle up to T cr to be
This is an exact and very surprising result. Within the BCS theory, we know that at T = 0 the quasiparticle energy is ≈ ∆ 0 , and that ∆ decreases with increasing temperature, so that ∆ = 0 at T cr (see e.g. Fig. 3 of Ref. [24] for the tin superconductor). So, how is it then possible for the energy per quasiparticle to be constant in this excitation-energy range? The explanation lies mostly in the structure of the quasiparticle energy, which reads
where ε k and λ are the single-particle energy and chemical potential, respectively (see also Fig. 1 ). As the temperature increases, ∆ does indeed decrease, but within the uniformspacing model this is compensated by the increase of the average value of ε k − λ as ε k increases, and by the change of the pairing field. This fact is immediately seen for the case of a degenerate model, with a single high-degeneracy singleparticle level, for which the ratio of Eq. (7) becomes
In this case, the decrease in ∆ with temperature cannot be compensated by an increase in the one-body energy ε k , as only one degenerate level is available. A similar analytical exercise can be performed for two large degeneracy states separated by a given amount of energy x. As the energy spacing x is made to increase, the mean energy per quasiparticle increases from ∆ 0 /2 towards ∆ 0 .
The assimilation of T with T cr finds also an explanation in the BCS model. The dependence of the heat capacity upon TABLE I: Extracted temperatures T CT from fitting the CT-model expression to the level-density data of rare-earth and actinide nuclei, and the corresponding pair-gap parameters ∆ CT calculated from Eq. (3). These are compared to the global formula for ∆ BM (Eq. (4)), for which the temperature is deduced using Eq. (3). Also, the evenodd experimental shift, ρ eo vs. ρ ee , is given, and the temperature is estimated from this shift for the odd nucleus. The experimental entropy excess is given by ∆S = ln[ρ eo (E)/ρ ee (E)] in units of Boltzmann's constant k B . temperature rises exponentially, and peaks at T = T cr , so that essentially all energy is absorbed at this temperature. From the constant energy cost ∆ per quasiparticle, it follows that the entropy per quasiparticle is
to be compared with the empirical, vertical shift as discussed above (see Tab. I) .
To summarize, if we use the energy rather than the temperature as the independent variable, we observe the progressive creation of quasiparticles, in number proportional to the energy, like the amount of ice melted is proportional to the absorbed heat, independent of the amount of previously melted ice. This independence, together with the constant entropy per quasiparticle, gives clear evidence of a first-order phase transition.
To further illustrate this picture, let us consider a quasiparticle vacuum of degeneracy N, which can be populated with n quasiparticles at a cost E = nδ , where δ is the energy spacing between the vacuum state and the single-quasiparticle level as shown in Fig. 5 . The associated number of accessible states is ω ≈ N n , and the entropy reads
δ" for n N, and the entropy per particle is simply
Thus, the level density is given by
where we easily identify the microcanonical temperature as T = δ / ln N. This shows that a low-energy exponential level density is a consequence of a gap in the quasiparticle spectrum irrespective of its origin, be it due to pairing or shell effects. This result can be verified by applying this picture to the pairing case, in the context of the BCS model. Let us substitute δ with ∆ 0 and T with T cr ; utilizing Eq. (3), we obtain
and
in exact agreement with Eq. (10), and in good agreement with the average, experimental values from Table I giving ∆S ave = 2.0(1) k B . Further, the number of available states per quasiparticle from Eq. 15 is exp(∆S) = exp(1.77) ≈ 6, again agreeing well with the experimental ∆S values in Table I, exp(∆S ave ) = 8(1). The above discussion shows that pairing is just a particular example of a more general case, and that the role of pairing is just to provide a gap in the quasiparticle spectrum. Returning to the experimental data, we see that the vertical entropy shift is essentially constant with excitation energy and very close in value (see Table I ) to the predicted one in Eq. (15) . This entropy per quasiparticle reveals the phase space in which the quasiparticles move as nearly independent objects. The resulting overall picture is that of a coexistence between an underlying superfluid phase in equilibrium with an ideal vapor of almost independent quasiparticles. This picture comes about mostly by a shift of perspective, from the canonical to microcanonical approach or from temperature to energy as the independent variable. Also, the experimental availability of even-even and odd-A or odd-odd nuclei allows one to observe the very pictorial feature of gap superconductors and gap-less superconductors in mesoscopic systems.
In conclusion, we have shown that the low-energy level densities (below the neutron separation energy) portray a strong signature of a first-order phase transition, completely consistent with the BCS framework. The coexistence of a superfluid with a vapor of quasiparticles is easily characterized thermodynamically, especially through the comparison of even-even and odd-A nuclei. In particular, it is shown that the even-odd mass difference is sufficient to determine the level density in absolute value and energy dependence. The difference observed (and predicted) between even-even and odd nuclei nicely displays the behavior of gap and gapless superconductors. The generalization to systems characterized by any gap, irrespective of its origin, allows us to interpret level densities also for nuclei near the magic shells.
